Photo-Fries rearrangement reactions of 1-naphthyl acetate (NA) in n-hexane and in cyclohexane were studied by the magnetic field effect probe (MFE probe) under magnetic fields (B) of 0 to 7 T. Transient absorptions of the 1-naphthoxyl radical, T-T absorption of NA, and a short-lifetime intermediate (t = 24 ns) were observed by a nanosecond laser flash photolysis technique. In n-hexane, the yield of escaped 1-naphthoxyl radicals dropped dramatically upon application of a 3 mT field, but then the yield increased with increasing B for 3 mT o B r 7 T. These observed MFEs can be explained by the hyperfine coupling and the Dg mechanisms through the singlet radical pair. The fact that MFEs were observed for the present photo-Fries rearrangement reaction indicates the presence of a singlet radical pair intermediate with a lifetime as long as several tens of nanoseconds.
Introduction
Magnetic field effects (MFEs) on photochemical reactions through radical pairs (RPs) and biradicals have received considerable attention during the past three decades, and the mechanism of MFEs has been well clarified experimentally and theoretically. [1] [2] [3] In RPs generated by photochemical reactions, the unpaired electron spins on each radical are coupled, giving two different spin states: singlet (S) and triplet (T). According to the Pauli principle, singlet RPs can react to form a recombination product, whereas triplet RPs cannot react with each other but instead form escaped radicals. Magnetic fields interact with these spins and affect the reaction of the RPs without changing other parameters such as reaction rate of singlet RPs, activation barrier, and diffusion motion of the radicals. Because the interaction between magnetic fields and spins can be defined by quantum chemistry, MFE studies on RPs provide valuable information on their kinetics and dynamics and, in particular, on aspects of the reaction mechanism such as the presence of precursors and intermediates. Therefore, we refer to an MFE study on RPs as a magnetic field effect probe (MFE probe). 4 Recently, using the MFE probe, we have reported the microviscosity of alcoholic solutions 5 and the nanoscale heterogeneous structure of ionic liquids. [6] [7] [8] Photo-Fries rearrangement reactions are believed to occur via geminate RPs formed by C-O bond cleavage in the ps* state of the aryl esters that form the key intermediate of cyclohexadienone. [9] [10] [11] [12] [13] The reaction kinetics and intermediates of photo-Fries reactions have been continuously studied by means of product analysis, chemically induced dynamic nuclear polarization (CIDNP), laser flash photolysis, and magnetic isotope effects (MIEs). [14] [15] [16] [17] [18] [19] Nakagaki et al. reported that MIEs were observed for a photo-Fries reaction of 13 C-labeled 1-naphthyl acetate (NA) in acetonitrile under a magnetic field of 0.64 T. 14 Shine and Subotkowski reported an MIE of a photo-Fries reaction of 4-methoxyphenyl acetate in ethanol. 15 In contrast, Lochbrunner et al. measured broad and weak femtosecond transient absorption spectra of a photo-Fries reaction of 4-tert-butylphenyl acetate in cyclohexane and reported a cyclohexadienone formation time of 13 ps. 18 Because the rate constants for spin conversion of RPs are 10 9 -10 8 s
À1
, MIEs should not be observed for the photo-Fries reactions with a cyclohexadienone formation time of 13 ps. Moreover, in non-viscous solvents, such as acetonitrile, ethanol, and cyclohexane, the RPs should disappear within several hundreds of picoseconds by diffusion, but the spin conversion of the RPs is not fast enough to compete with the diffusion process. [20] [21] [22] As such, the mechanisms of photo-Fries reactions are still unclear and, therefore, it is worthwhile to study photochemical primary processes of photo-Fries rearrangement reactions in non-viscous homogeneous solutions. Recently, we reported preliminary results for the photochemical primary process of the photo-Fries rearrangement reaction of NA in n-hexane. 4 In this paper, we provide a full investigation of this reaction by means of the MFE probe.
Experimental
1-Naphthyl acetate (NA, cica, SP grade) was purified by passing through silica gel with n-hexane solution containing 5% of dichloromethane, and then the filtrate was evaporated to obtain a white solid. The white solid was recrystallized twice from n-hexane, yielding white needles. n-Hexane (cica, SP grade), cyclohexane (cica, SP grade) and methylcyclohexane (cica, SP grade) solvents were used as received. Viscosity was measured with a viscometer (CBC, VM-10A-L) at 298 K. Water content was measured by a Karl Fischer coulometer (Metrohm, 831 KF Coulometer). The properties of n-hexane and cyclohexane are listed in Table 1. A laser flash photolysis apparatus with a superconducting magnet (Toshiba), which can generate magnetic fields up to 7 T, was newly constructed to accurately measure MFEs. The excitation light source was the fourth harmonic of a Nd:YAG laser (Spectra Physics, GCR-130-10, fwhm E 7 ns, 6.5 mJ per pulse). A quartz cell was placed at the center of the magnet, and a laser beam was introduced to the cell at an angle perpendicular to a monitoring light beam. The optical path of the monitoring light was 5 or 10 mm. The energy of the laser beam was recorded for each excitation pulse by an energy meter (Gentec, PRJ-M, with ED-100 thermopile head). The fluctuation of the excitation energy was less than 3% during each experiment. To measure the MFEs at lower magnetic fields of 0 to 1.65 T, we used an electromagnet (Tokin, SEE-10W). The laser flash photolysis apparatus equipped with this electromagnet has been described previously. 24 All laser flash photolysis experiments were carried out at 298 K. The sample solution was deoxygenated by bubbling with pure nitrogen for 30 min and was pumped through a quartz flow cell. The concentration of NA was 0.50 Â 10 À3 mol dm
À3
. The fluorescence quantum yield was measured by an absolute photoluminescence quantum yield measurement system (Hamamatsu, C9920-02G) at room temperature. The excitation wavelength for fluorescence measurements was 266 nm, and the concentration of NA was 0.50 Â 10 À3 mol dm À3 in n-hexane.
Results and discussion

Transient absorption spectra
Transient absorption spectra observed for the reaction of 1-naphthyl acetate (NA) in n-hexane at delay times of 0.03, 0.01, 1.0, 10, 20 and 50 ms after laser excitation are shown in Fig. 1 . The spectrum observed at a delay time of 1.0 ms after laser excitation had three peaks at 320, 390 and 410 nm, whereas that observed at 50 ms had broad bands around 320 and 390 nm. The spectra observed at delay times of 1.0 ms and later were essentially the same as those previously reported. 14, 16 Nakagaki et al. reported that the 1-naphthoxyl radical exhibits transient absorption around 380-410 nm. 14 However, Gritsan et al. assigned this band to T-T absorption of NA, whereas the absorption of 1-naphthoxyl radical was reported to exhibit a slow decay around 380 nm. 16 Thus the assignments of the transient absorption spectra observed for the photo-Fries rearrangement reaction of NA are somewhat complicated at present.
Time profiles of the transient absorption, A(t), of NA observed in n-hexane at 320, 380, 410, and 430 nm are shown in Fig. 2 . The A(t) curves observed at 380 and 410 nm agreed well with an exponential fit (k = 1.41 Â 10 5 s
À1
) combined with a slow second-order component. Since the exponential decay component was magnetically inactive, it was assigned to the T-T absorption of NA. As discussed below, the second-order component was magnetically active; thus, this component could be safely assigned to the 1-naphthoxyl radical. The second-order rate constant (k/el) was calculated to be 2.65 Â 10 7 s À1 mol À1 dm 3 , where e is the extinction coefficient and l is the illuminated path length. Using data reported by Nakagaki et al. for NA in acetonitrile, 14 we estimated the second-order rate constant to be 1 Â 10 7 s À1 mol À1 dm 3 . This estimated value is similar to the present experimental data obtained with an illuminated path length of about 5 mm.
The A(t) curve observed at 320 nm in n-hexane has an exponential decay component and almost constant component. Since the exponential decay component is magnetically inactive and has a rate constant (1.32 Â 10 5 s À1 ) similar to that observed at 410 nm, it can be assigned to the T-T absorption of NA. However, almost constant one may be assigned to cyclohexadienone intermediate, because the lifetime of cyclohexadienone intermediates observed for the photo-Claisen rearrangement reactions, which are similar rearrangement reactions of allyl phenyl ethers, was reported as ms time region. 25, 26 As shown in Fig. 1 , the spectrum observed at a delay time of 0.03 ms had only a single peak at 410 nm, and the shape of the spectrum, especially in the longer wavelength region, was different from that of the spectrum observed at a delay time of 1.0 ms. Moreover, each A(t) curve observed at 430-600 nm had a fast decay component, as shown in Fig. 3 . The lifetime of the fast decay component was observed to be 24 ns (k = 4.10 Â 10 7 s
), and this component may be attributed to the RP complex of 1-naphthoxyl and acetyl radicals. This assignment is discussed further in the next section.
The time profiles of the transient absorption observed in n-hexane and cyclohexane at 410 and 430 nm are shown in Fig. 4 . As shown in Fig. 4a , the decay profile observed at 410 nm was dependent on the solvent composition: the decay observed in cyclohexane (upper trace) was slower than that observed in n-hexane (lower trace). It is reasonable to conclude from these data that the lifetime of the triplet state and the second-order reaction were strongly affected by the solvent viscosity. In contrast, no change in the fast decay component was observed for different solvents at 430 nm (Fig. 4b) . Since the first decay component was almost independent of the solvent viscosity, this component may be ascribable to an intra-molecular reaction.
Magnetic field effects
A(t) curves were measured at 410 nm for 1-naphthoxyl radical in the absence and presence of magnetic fields up to 7 T. The A(t) curves observed at 0 and 1.65 T in n-hexane are shown in Fig. 5 . The A(t) curves observed both at 0 and 1.65 T exhibit exponential and second-order decay components due to the T-T absorption of NA and 1-naphthoxyl radical, respectively. 5 shows an appreciable MFE on the second-order decay component of 1-naphthoxyl radical. The fact that MFEs were observed for the present reaction in n-hexane strongly indicates that the lifetime of the RPs of 1-naphthoxyl and acetyl radicals are as long as several nanoseconds, because the spin conversion process should compete with the disappearance of the RPs.
To elucidate the mechanism of the MFEs, we measured the magnetic field dependence under magnetic fields up to 7 T. Using the escaped radical yield Y(B) at a delay time of 3 ms after laser excitation, we calculated the relative radical yield as These observed MFEs can be classified by several mechanisms as follows: [1] [2] [3] (1) the Dg mechanism (DgM), which is due to the difference between the isotropic g factors of two radicals in a pair; (2) the hyperfine coupling mechanism (HFCM), which is due to the isotropic hyperfine interaction between electron and nuclear spins; (3) the level crossing mechanism (LCM), which is due to crossing between the S and T +1 (or T À1 ) levels; (4) the relaxation mechanism (RM), which is due to the anisotropic g tensor (dg), HFC (dHFC), and the spin-spin dipolar interactions of RPs.
Among these mechanisms, the inverted MFEs on R(B) can be explained by two possible mechanisms. One possible mechanism is the MFEs due to the RM. In the present reaction in n-hexane, however, the solvent viscosity was too small to observe the MFEs by the RM. In other words, the escaping rate of the RPs was larger than the spin relaxation rate. Therefore, we can exclude the possibility of the RM.
Another possible mechanism to explain the inverted MFEs on R(B) is the HFCM associated with the DgM. The rate constant of S-T conversion by the HFCM (k HFCM ) is given by [1] [2] [3] 
Here, g and m B are the g-value of the free electron (2.00231) and the Bohr magneton, respectively. B 1/2 is the effective hyperfine coupling (Weller's half-field of the saturation) in the RP, which can be expressed by
Here, a ik is the isotropic hyperfine coupling constant of the kth nuclei in radical (i = 1, 2). I k is the nuclear spin. Using the reported hyperfine coupling constants of 1-naphthoxyl 28 and acetyl radicals, 29 k HFCM in the absence of a magnetic field was estimated to be 9.16 Â 10 7 s
À1
. In the presence of a magnetic field, the triplet sublevel splits into three levels (T 0 , T +1 , and T À1 ) by means of the Zeeman interaction, and S-T +1 and S-T À1 spin conversions are obstructed. Thus the S-T conversion rate by the HFCM decreases with increasing B and reaches a value that is 3 fold of that observed in the zero field. Since the obstruction of the spin conversions S-T +1 and S-T À1 occurs at higher magnetic fields of the HFC, the decrease in R(B) is saturated at those fields. The half-field of the saturation (B 1/2 ) for the present RP was calculated by eqn (2) and (3) to be 1.04 mT. 27, 28 As shown in Fig. 6b , the R(B) value reached its minimum at 3 mT, which may have been the saturation field for the HFCM. Therefore, B 1/2 was roughly estimated to be 1-2 mT. This estimated value agrees well with our calculated value of 1.04 mT. These results indicate that the sharp drop in R(B) observed at 3 mT can safely be explained by the HFCM. The rate constant of S-T conversion by the DgM (k DgM ) is given by
Here, Dg is the difference between the g-values of two radicals. The k DgM value at 0 T is zero, but this value increases proportionally with increasing B. Since Dg was estimated to be 0.00381 from the reported g-values of 1-naphthoxyl radical (2.00431) 30 and acetyl radical (2.0005), 29 k DgM at 7 T was calculated to be 1.17 Â 10 9 s
. From these calculations, we can estimate the magnetic field dependence of the overall S-T conversion (k SÀT ) as follows:
The rate constant of S-T conversion decreased dramatically at low fields and then increased with increasing B to reach 1.20 Â 10 9 s À1 at 7 T. This observed behavior indicates that the present MFEs can be qualitatively interpreted by the HFCM associated with the DgM. This spin conversion process by the HFCM and the DgM competes with the escaping process of the RPs. Therefore, we also considered the rate constant of the escaping process. The rate of escape (k esc ) from a solvent cage depends on the solvent's viscosity. The simplest expression of the k esc is described by the Stokes-Einstein relationship as follows: Here, k B is the Boltzmann constant, T is the temperature, and Z is the viscosity of the solvent. The lifetime (t) of a neutral RP is defined as t = 4r 2 /D, where r and D are the van der Waals radii of the component radicals and the sum of the diffusion coefficients of each radical, respectively. 31 In the present study, k esc was estimated to be 3.0 Â 10 9 s À1 at 298 K using Z = 0.2942 Â 10 À3 Pa s, r naphthoxyl = 0.71 nm, and r acetyl = 0.29 nm. 32, 33 Comparison of this value with the calculated S-T conversion rate of 1.20 Â 10 9 s À1 at 7 T reveals that the escape rate is much larger than the S-T conversion rate. Therefore, the MFEs observed in this study cannot be explained by the normal diffusion process calculated from the Stokes-Einstein relationship. Instead, a much slower escape process involving the RP complex is suggested.
To clarify the formation of such an RP complex, the A(t) curves observed in the time range of 0-0.9 ms were examined in detail. As shown in Fig. 3 , in the time range of 0-0.1 ms, a fast decay component was observed at 430 nm concomitant with a fast rise component observed at 380 and 410 nm. Such fast decay component was also observed at 430-600 nm. The rate constants of both decay (at 430 nm) and rise (at 410 nm) were 4.10 Â 10 7 s
. Since the transient absorption observed at 380 and 410 nm consists of both the 1-naphthoxyl radical and the T-T absorption of NA, the fast decay component observed at 430-600 nm could be assigned to the singlet-singlet (S-S) absorption of NA or to an absorption of a parent intermediate of the 1-naphthoxyl radical, such as an RP complex. To clarify the assignment of the fast decay component, the rate constant of fluorescence (k F ) was measured in n-hexane and in cyclohexane at 323 nm under the same conditions as those used for the transient absorption measurement. The k F values observed in n-hexane and cyclohexane were 3.99 Â 10 7 and 5.29 Â 10 7 s
, respectively. As shown in Fig. 4b , the fast decay component was independent of solvent composition. Therefore, the fast decay component cannot be assigned to the S-S absorption of NA, because the k F values in n-hexane and in cyclohexane were different. From these results, we concluded that the fast kinetics of decaying at 430-600 nm could be safely assigned to the disappearance of the 1-naphthoxyl radical's parent intermediate, namely an RP complex. We further concluded that the fast kinetics of rising observed at 380 and 410 nm could be attributed to the formation of free 1-naphthoxyl radicals.
Among the published reports on the MFEs of photochemical reactions, there are several reports of MFEs in non-viscous homogeneous solvents; such MFEs are classified as the d-type triplet mechanism (TM). [34] [35] [36] This class of MFEs is observed only from the triplet precursor and is often observed for RPs containing heavy atoms such as d-block metals, 34 sulfur 35 or phosphorus. 36 The key intermediates for the d-type TM are excited triplet molecules or RP complexes. For the present reaction, although this class of MFEs can safely be excluded, it is worthwhile to consider the character of the RP complex. In this study, the MFEs due to the LCM were not observed. Therefore, the exchange interaction should have been small enough to observe MFEs due to the HFCM and the DgM. Even in a non-viscous solvent, such complexation enables long-lifetime RPs. Moreover, since the fast decayed transient absorption observed at 430-600 nm was very broad and not very strong, the RP complex may be characterized as similar to a charge transfer complex or an electron-donoracceptor complex. Theoretical calculations may be useful to elucidate the ultraviolet-visible spectrum of such complex. However, those calculations are beyond the scope of the present experimental study of the photochemical primary process.
Time-resolved EPR measurements
Next, to directly measure the RP complex, we carried out time-resolved electron paramagnetic resonance (EPR) measurements on an n-hexane solution of NA. The concentration of the NA solution was 2.0 Â 10 À3 mol dm À3 and the solution was pumped through a quartz cell at a flow rate of 4 mL min
À1
. No signal of spin-correlated RPs was observed under excitation by the fourth harmonic of a Nd:YAG laser. This lack of signal might have been due to the fast rearrangement reaction of the RP complex. The time resolution of our apparatus is ca. 100 ns, and the spin polarization of the RP is generated within a similar time range. If the lifetime of the RP complex was as short as 24 ns (k = 4.10 Â 10 7 s
), it would be difficult to observe the signal of the RPs by time-resolved EPR.
Photochemical primary process of the photo-Fries rearrangement reaction
Upon irradiation of a degassed n-hexane solution of NA (4.0 Â 10 À3 mol dm
À3
) with an Ushio 500 W Xe lamp, 2-acetyl-1-naphthol was obtained as the main product. For an aerated solution of NA, the yield of 2-acetyl-1-naphthol decreased by only 8 AE 2%. Such a small decrease in yield indicates that the present reaction occurred fast enough to avoid quenching by oxygen. Nakagaki et al. have also reported that dissolved oxygen has no effect upon the initial transient absorption during laser flash photolysis of NA. and phosphorescence of NA were observed in n-hexane and in methylcyclohexane around 310-390 nm (peaks: 317. 8 
1 (NpO Ac ) -cyclohexadienone(s),
Cyclohexadienone(s) -acetyl naphthol(s).
Considering the results obtained from the present MFE measurements, we concluded that the key species are the RPs, because magnetic fields only affected the spin conversion process of the RPs. According to Lochbrunner et al., the formation time of cyclohexadienone is 13 ps for 4-tertbutylphenyl acetate in cyclohexane. 18 If the geminate singlet RPs are depleted by the formation of cyclohexadienone within several tens of picoseconds, then no MFEs would be observed for the RPs. Therefore, because MFEs were indeed observed for the RPs, we concluded that the RP complex rather than the cyclohexadienone intermediate should be considered the primary intermediate in this reaction. In the previous section, we assigned the fast-decaying component observed at 430 nm to the disappearance of the RP complex. It is reasonable to conclude that the transient signal of the 1-naphthoxyl radical observed at 410 nm increased as the signal at 430 nm from the RP complex decreased.
Conclusion
Laser flash photolysis under magnetic fields up to 7 T was carried out for the photo-Fries rearrangement reactions of 1-naphthyl acetate in n-hexane and cyclohexane. The transient absorption of the 1-naphthoxyl radical was observed at 380-410 nm in both solvents, and appreciable MFEs on its escaped yields were observed for the first time. Observation of these MFEs shows the existence of the RP intermediates in the present reaction, but the escape of the RP cannot be explained by the normal diffusive process. The presence of an RP complex, which had a lifetime of 24 ns, was strongly suggested by the slow escaping process of the RP. Consequently, we concluded that the observed MFEs can be explained by the HFCM associated with DgM.
